Gold nanoparticles prepared by sol immobilization using PVA as protecting agent were supported over different oxides (CeO 2 , ZrO 2 and TiO 2 ). The activity of the gold catalysts was tested in the oxidative esterification of furfural by an efficient and sustainable process. The samples supported on ceria and zirconia (AuCe and AuZr) have shown complete conversion and selectivity under mild reaction conditions. The catalytic performances are better than those obtained with the reference commercial AuTiWGC. The DR UV-Vis spectroscopic results indicate that gold nanoparticles that give rise to similar plasmonic band, as in the case of AuCe and AuZr, are very active and highly selective. The extent of crystallinity of the gold particles seems to have no influence on the activity of the sol immobilized catalysts. The null selectivity of the catalyst supported on titania is probably due to the presence of residual sulphate groups. The effect of the oxygen pressure on the furfural conversion is almost negligible for all the samples and, despite of the oxygen pressure lowering, it is possible to obtain always high conversion and selectivity. The selectivity of the process is unaffected by using air instead of oxygen, even at very low pressures. On the contrary, the presence of PVA seems to influence the conversion when working in air at low pressures, due to a dilution effect of the oxidant atmosphere. This is confirmed by the results obtained for a sample synthesized by deposition precipitation of gold on zirconia, where the high metal dispersion and the absence of the protecting agent allowed to reach high conversion even in low air pressure.
Introduction
Biomass is considered the most abundant renewable resource with a worldwide production of 170 billion metric tons per year by photosynthesis [1, 2] . In future biorefineries, in line with current petrorefineries, biomass and in particular lignocellulosic wastes can offer a promising alternative and eventually replace crude oil as feedstock for the production of both energy and chemicals. Above all, it is important to continue to develop processes that can economically convert lignocelluloses into high-added-value chemical products. The challenge is the development of new catalytic formulations with tailored properties and increased stability, able to allow an efficient transformation of such complex feedstocks [3] .
The present study deals with the oxidative esterification of furfural, which is a C5 compound. At present the global production of furfural derivatives is at 947.58 kt (2016) and the demand will grow at a compound annual growth rate of 2.69% to reach 1,172.17 kt by 2024 [4] . The products of furfural oxidative esterification are alkyl furoates, which find applications in the fine chemical industry as flavour and fragrance. Traditionally, they are prepared by furfural oxidation to furoic acid with potassium permanganate, and then by esterification with sulfuric acid and methyl or ethyl alcohol. The optimisation of a greener process would be therefore desirable. In addition, some previous studies [5, 6] reported the use of transition metal or organo homogeneous catalysts, however the development of heterogeneous catalysts would be highly desired, too. In the recent literature, gold supported catalysts have been successfully proven to be active and selective in the one step process of furfural oxidative esterification [7] [8] [9] [10] [11] [12] [13] [14] [15] . The reaction can occur under mild conditions and simple oxygen can be used as oxidant. Moreover, gold nanoparticles on suitable supports are efficient catalytic systems for this process even without the use of a base such as sodium methoxide, which makes the process less green and less economic [16] . Nevertheless, in order to be applied in a large scale production, this process must be optimised, in particular by starting from the catalyst formulation. In this frame, conventional impregnation does not lead to a good dispersion of gold nanoparticles, and as a consequence several synthetic procedures to obtain stable gold based catalysts have been developed. One of the most frequently used techniques is the deposition precipitation (DP) method, in which Au(OH) 3 species generated from HAuCl 4 by treatment with a base are precipitated and deposited on the surfaces of the metal oxides; these deposited moieties are then transformed into small gold nanoparticles by calcination. We have previously investigated furfural oxidative esterification on Au-based catalysis prepared by DP on different supports such as zirconia, ceria, and titania [17] . The catalytic performances followed the trend of Au/zirconia > Au/ ceria > > Au/titania. We have found that while the surface area of the support and the gold dispersion influenced the conversion, the surface sites affected the selectivity in the process [16] . Another practicable synthetic methodology is sol immobilization. Such procedure implies the formation of gold nanoparticles before being immobilized on the support [18] , as illustrated in Fig. 1 . In particular, the sol immobilization method involves the use of a surfactant, which has the fundamental role of limiting the growth and aggregation of the particles by forming a monolayer on the surface of the metal particles; in this way also the long-term stability of the catalyst increases. Such stage entangles the formation of micelles by the protective agent and is followed by a reduction step (Au 3+ → Au 0 ). Historically, the first colloidal method involved the reduction of gold ions by citrate [19] .
Methods that are much more efficient use the NaOH/tetrakis (hydroxymethyl) phosphonium chloride (THPC) system or also organic polymers employing NaBH 4 as a reducing agent. In the former case, the NaOH/THPC system protects the gold particles by preventing aggregation, and it also works as in situ generator of the reducing agent [20] . In the latter case, polymers such as polyvinyl alcohol (PVA) may be used as stabilizing agents. PVA is commercially available, relatively inexpensive, soluble in water, non-toxic and has a long chain of carbon atoms functionalized with OH groups.
The sol immobilization method is in theory applicable regardless of the type of support. Therefore, we have investigated different oxidic supports that are commonly used in catalysis. Particularly, the choice was focused on: (i) zirconia (ZrO 2 ), because it has proved to be the ideal support for Au-based samples prepared by DP used for the same reaction [9, 16] ; (ii) non-toxic, available, economic and stable [9] titania (TiO 2 ); (iii) ceria (CeO 2 ), due to its high oxygen storage capacity and reducibility. These properties could in principle promote the oxidation [10] .
The aim of this study is the formulation of gold based catalysts prepared by sol immobilization using PVA as stabilizer that are active, selective and stable in the furfural oxidative esterification.
It is worth noting that the activity of the gold catalyst strongly depends on preparation method, but sometimes the comparison is difficult due to the lacking of a correct term of comparison. Therefore, in this work a commercially available Au/TiO 2 supplied by the World Gold Council was taken as a reference catalyst. In addition, a comparison with a Au/ZrO 2 sample prepared by us with the same procedure adopted for the reference Au/TiO 2 (DP followed by calcination) was also performed.
Materials and Methods

Catalyst Preparation
Ceria support was synthesized by precipitation from (NH 4 ) 2 Ce(NO 3 ) 6 with urea in water [21, 22] . The solution was mixed and boiled for 6 h at 100 °C, the precipitate was washed in boiling deionized water and dried at 110 °C for 18 h. The material was then calcined in flowing air (50 mL/ min) at 500 °C for 3 h. 4 was calcined in flowing air (50 mL/min) at 650 °C for 3 h.
In all cases, gold was introduced over the support by sol immobilization using polyvinyl alcohol (PVA). A 1 wt % PVA solution was added to an aqueous HAuCl 4 solution under vigorous stirring at 0 °C (Au/PVA (wt/wt) = 2) [25] . Then a 0.1 M of freshly prepared solution of NaBH 4 (NaBH 4 /Au (mol/mol) = 4) was added and the sol was immobilized by adding the support (CeO 2 , TiO 2 or ZrO 2 ). As regard as TiO 2 , this has been previously acidified with H 2 SO 4 at pH 1 in order to load an adequate gold amount [26] . After filtration, the materials were washed with distilled water and then simply dried at 110 °C for 18 h. Samples where denoted as AuCe, AuTi and AuZr.
A commercial Au/TiO 2 supplied by the World Gold Council (AuTiWGC) was taken as a reference [27] . Moreover, a previously investigated sample [17] synthesized by deposition precipitation of gold on zirconia and calcined at 300 °C (AuZrDP) was used for comparison purposes.
Catalyst Characterization
The gold amount was determined by atomic absorption spectroscopy (AAS) after microwave disintegration of the samples (100 mg) using a Perkin-Elmer Analyst 100.
The sulphate content was determined by ion chromatography (IC). Sulphate concentration was calculated as the average of two independent analyses, each including two chromatographic determinations.
Surface areas and pore size distributions were obtained from N 2 adsorption/desorption isotherms at − 196 °C using a Micromeritics ASAP 2000 analyser. Surface area was calculated from the N 2 adsorption isotherm by the BET equation, and pore size distribution was determined by the BJH method [28] . Total pore volume was taken at p/p0 = 0.99.
TPO measurements were carried out in a lab-made equipment: samples (100 mg) were heated with a temperature rate of 10 °C/min from 25 to 600 °C in a 5%O 2 /He flow (40 mL/ min). The effluent gases were analyzed by a TCD detector and by a Genesys 422 quadrupole mass analyzer (QMS).
FE-SEM images have been obtained using a Field Emission Gun Electron Scanning Microscopy LEO 1525 (Carl Zeiss Microscopy, Jena, Germany), after metallization with graphite. The images were acquired by AsB (angular selective BSE) detector (Carl Zeiss Microscopy, Jena, Germany) while elemental composition was determined using Bruker Quantax EDS (Bruker Nano GmbH, Berlin, Germany).
TEM images have been obtained using a Philips 208 Transmission Electron Microscope (FEI, Hillsboro, OR, USA). The samples were prepared by putting one drop of an ethanol dispersion of the catalysts on a copper grid precoated with a Formvar film and dried in air. A statistically representative number of particles was counted in order to obtain the particle size distribution.
X-ray powder diffraction patterns were collected with a PW3050/60 X'Pert PRO MPD diffractometer from PANalytical working in Bragg-Brentano geometry, using as a source the high-powered ceramic tube PW3373/10 LFF with a Cu anode (λ = 0.541 Å) equipped with a Ni filter to attenuate K β . Scattered photons were collected by a real time multiple strip (RTMS) X'celerator detector. Data were collected in the 10° ≤ 2θ ≤ 90° angular range, with 0.02° 2θ steps. The samples were examined in their as-received form.
Diffuse reflectance UV-Vis-NIR analyses were carried out on the catalyst powders, that were placed in a quartz cell, allowing treatments in controlled atmosphere and temperature, but spectra recording only at room temperature (r.t.). Diffuse reflectance UV-Vis-NIR spectra were run at r.t. on a Varian Cary 5000 spectrophotometer, working in the range of wavenumbers 190-2500 nm. UV-Vis-NIR spectra are reported in the Kubelka-Munk function [f(R ∞ )=(1 − R ∞ ) 2 /2R∞]; R∞ = reflectance of an "infinitely thick" layer of the sample.
Catalytic Activity Measurements
2-FA oxidative esterification with oxygen and methanol was investigated at 120 °C, without NaCH 3 O addition, using a mechanical stirred autoclave fitted with an external jacket [29] . Catalyst (100 mg), 2-FA (Sigma Aldrich, > 99%; 300 μL) and n-octane (Sigma Aldrich, > 99%; 150 μL), used as internal standard, were added to the solvent (150 mL of methanol). The reactor was charged with the oxidant (air or pure oxygen; 1-6 bar of relative pressure) and stirred at 1000 rpm. The progress of the reaction was determined after 90 min by gas-chromatographic analysis of the converted mixture (capillary column HP-5, FID detector).
Results and Discussion
Preliminary Characterization of the Catalysts
In Table 1 the results on surface areas and pore size distributions determined by N 2 physisorption analyses and obtained for the three bare supports are reported. It was found that ceria and titania exhibit surface area values of 105 and 166 m 2 /g respectively, whereas zirconia has the lowest surface area (≈ 40 m 2 /g). Moreover, on zirconia the pores are larger (21 nm) than those obtained for the ceria and titania samples (5 and 4 nm, respectively).
The three catalysts were prepared with a nominal value of 2 wt% Au. The analyses carried out by atomic absorption (Table 1) show that it is possible to load almost all the theoretical metal value on all the samples prepared by the colloidal method with PVA.
As discussed in the introduction as for the sol immobilization method, the surfactant has the fundamental role of maintaining separated the gold nanoparticles, in order to avoid their sintering and deactivation. In particular, the gold nanoparticles coagulate and they are no more able to activate oxygen when PVA is totally removed. At the same time, an excess of surfactant could cover the surface of the catalyst affecting its activity. Therefore, the possibility to check and possibly quantify the presence of surfactant on the final samples plays a crucial role.
With the aim of determine the presence of PVA in the final catalysts, temperature programmed oxidation (TPO) analyses were performed. The results are shown in Fig. 2 where the trends for m/e = 44, corresponding to the mass of CO 2 , which is formed from PVA oxidation during the analysis, are reported.
The TPO profile of the AuCe sample shows a broad and weak peak ranging between 35 and 450 °C, whilst the TPO performed on AuTi gave rise to three very intense peaks at 340, 450 and 540 °C, respectively. These features indicate that the organic part of the surfactant is oxidized at temperatures between 220 and 570 °C. Moreover, two wide peaks between 150 and 530 °C (centered at 280 and at 406 °C, respectively) were observed in the case of the AuZr catalyst.
Hence, TPO analyses provide a clear indication of the presence of the surfactant on all the synthesized catalysts. Moreover, looking at the integrated areas of the TPO profiles, the amount of PVA remaining at the surface of the different samples follows the order: AuTi ~ AuZr > > AuCe.
In order to determine the dispersion and quantify the amount of active sites on gold based catalysts, selective chemisorption investigations should be performed. In particular, we have optimized CO chemisorption by a pulse flow technique on suitably pre-treated samples and in welldefined and controlled conditions of temperature and pressure [30, 31] . However, this is not the case, because by TPO measurements put in evidence the presence of surfactant on the surface of the catalysts. Indeed, PVA could cover (totally or partially) the gold nanoparticles, and as a consequence, the chemisorption analyses cannot be performed properly. A careful investigation on the gold dispersion and structure by XRD, FE-SEM, and TEM has been carried out to remedy to the issue arisen from the adopted preparation method.
FE-SEM measurements combined with EDX analyses (Fig. 3) reveal that the distribution of the Au nanoparticles on the support surface is homogeneous. To highlight Au nanoparticles, FE-SEM images were collected by the backscattered electrons detector (AsB).
The results of TEM characterisation are shown in Fig. 4 . The TEM findings (Fig. 4 ) are in agreement with the FE-SEM results and show that, given the same Au loading and preparation method, the size of Au nanoparticles present on the AuTi catalyst is much larger than that observed for AuCe and AuZr as confirmed by the obtained statistical distributions reported on the right of Fig. 4 . In particular, Fig. 2 TPO performed on the catalysts prepared by sol immobilization. The CO 2 evolution (m/e = 44) is reported the average particle diameter is 17.9 ± 0.9 nm for AuTi, whereas for AuCe and AuZr average diameters of 3.6 ± 0.2 and 4.8 ± 0.1 nm have been drawn, respectively (Table 1) . XRD measurements were carried out in order to establish the nature of the crystallographic phases of the supports and to check the eventual presence of crystalline Au nanoparticles. The comparison among the diffraction patterns of the AuCe (green line), AuTi (blue line) and AuZr (red line) catalysts is shown in Fig. 5 , section a.
The AuCe and AuTi catalysts are supported on crystalline ceria in the cubic phase (JCPDS number 00-001-0800) and on tetragonal anatase (JCPDS file number 00-001-0562), respectively. Differently the support of the AuZr sample is made up of a mixture of tetragonal (JCPDS file numer) and monocline (Baddeleyite, JCPDS file number 00-001-0750) phases. A rough evaluation based on the relative intensity of the main peaks of the two crystalline phases allowed to estimate that the monoclinic phase is more abundant than the tetragonal one (+ 30%). To evaluate the relative intensity, the peak at 2 Theta ~ 28° was considered for the monoclinic phase, whereas among the main peaks of the tetragonal phase, the peak at 2 Theta at about 60° was chosen to avoid undesired contributions to the intensity coming from the monoclinic phase.
The presence of peaks related to crystalline Au in the cubic phase (JCPDS file number 00-001-1172) is put in evidence by the orange lines in section a. The qualitative comparison of the intensity of the main 111 peak at 2 Theta 38.2° (section b of Fig. 5) indicates that a very small amount of crystalline gold is present on the AuCe catalyst, whereas the amounts observed for AuZr and AuTi seem to be quite similar (in the case of AuTi the Au peak is overlapped with a peak due to the anatase phase). Basing on the results obtained by FE-SEM and TEM characterization, that pointed out gold nanoparticles homogeneously distributed and a similar particle size distribution of AuCe and AuZr, such results are quite unexpected.
A possible explanation for the big difference observed in the crystallinity of the gold nanoparticles can be found by considering the TPO analyses that revealed different PVA Fig. 3 FE-SEM images (left) and EDX spectra (right) of AuTi (section a), AuCe (section b) and AuZr (section c). Instrumental magnification of 500 kX contents on the surface of the samples after preparation. If compared to AuTi and AuZr, the AuCe catalyst contains the smallest amount of protecting agent, it can be hypothesized that PVA plays a role during the Au 3+ → Au 0 reduction step with NaBH 4 by favoring the crystallization of the gold micelles.
Catalytic Activity
The oxidative esterification of furfural to methyl-2-furoate (2-MF) (see Scheme 1) was chosen as test reaction. The oxidative esterification was carried out in methanol without use of bases, which could make the reaction less sustainable and more expensive [16] . A part from 2-MF, the only byproduct that was found, as detected by mass spectroscopy, is the corresponding 2-furaldehyde-dimethyl-acetal (acetal).
A possible reaction mechanism has been proposed by Corma and co-workers [16] : furfural is transformed in the hemiacetal intermediate, which is not detectable by a gas chromatographic analysis, and then it is possible to have either the direct oxidation of hemiacetal into 2-MF or the transformation of hemiacetal in acetal and then in 2-MF. We demonstrated previously that under our reaction conditions acetal, due to its stability, cannot be transformed into the desired 2-MF and that the reaction follows the direct path in which the oxidation from the substrate into the desired product takes place [32] .
In Fig. 6 the results of the catalytic activity and selectivity of the three gold catalysts compared to those related to the reference AuTiWGC catalyst are shown. It can be observed that the conversion is complete for all samples synthesized by sol immobilization method, whilst the reference AuTiWGC sample reaches a conversion of 72%. Given the same Au loading in the three catalysts, the TEM characterization results provided similar gold average particle diameter for AuCe and AuZr (3.6 ± 0.2 and 4.8 ± 0.1 nm, respectively), on the contrary AuTi has a much larger average particle size of 17.9 ± 0.9 nm. It could be proposed that the unexpected capability to attain complete furfural conversion by these large gold nanoparticles is related by the presence of the protecting agent. It is well known that the catalytic activity of gold is related to the presence of uncoordinated golds sites: in the case of the AuTi catalyst the PVA chains pullulate the extended terraces at the surface of the big metal particles. It has been reported that the presence of the protective agent can have a significant influence on the properties of sol-immobilised gold catalysts because the PVA mediate metal-support and reactant-metal interactions [33] . In particular, the PVA arrangement on the surface of the Au nanoparticles can create a sort of porous structure, interacting with the OH groups of the reactant, thus in turn directing the contact between the active site and OH functionality. It could be therefore assumed that these chains are able to occupy a large fraction the Au unreactive terrace sites, resulting in a site isolation effect. The Au isolated sites could be assembled to uncoordinated sites and could behave as reactive sites able to activate molecular oxygen. Moreover, basing on the XRD results, depending on the nature of the support, the intensity of the Au main 111 peak at 2 Theta 38.2° is different. It is also clear that on the Au/ CeO 2 catalyst the intensity of such peak is almost nihil. Basing on such experimental evidences it can be observed that the presence of the crystalline Au phase seems to have no effect on the activity of the sol immobilized catalysts.
As for the selectivity, AuCe and AuZr samples give a complete transformation to 2-MF, whilst the AuTi catalyst is the worst in terms of selectivity (3%). The AuTiWGC reference shows a lower value (73%) than AuCe and AuZr.
Diffuse reflectance UV-Vis-NIR analyses were carried out in order to get information on the electronic properties of the supported Au nanoparticles. The spectra are reported in Fig. 7 in the 25,000-7500 cm − 1 , in order to focus on the Au plasmonic absorption band. In all samples prepared by sol immobilization, a broad absorption with maximum around 18,550 cm − 1 , assigned to the localized surface plasmon resonance (LSPR) of supported gold [34] , is observed. Moreover, a careful inspection of the spectra put in evidence that the absorptions display slightly different maximum position and different shapes. In particular, AuCe (green line) displays the most intense plasmonic absorption at 18,700 cm − 1 , whereas the maximum obtained for AuTi (blue line) is blue shifted to 18,300 cm − 1 , indicating a lower metal dispersion than AuCe and AuZr (red line), for which the maximum position is the same as AuCe. In addition, the absorption of AuZr has a broader shape, due to the presence of two superimposed components, the former in the same position as for AuCe, whereas the latter is in a red shifted position. The presence of a component at higher wavenumbers can be explained by assuming the presence of gold particles with greater size, in agreement with the previous characterization results. The spectrum obtained for AuTiWGC does not follow the trend observed for the catalysts prepared by sol immobilization in terms of both shape and maximum position. In this case, the plasmonic band is not well defined and the absorption is blue shifted, indicating the presence of small nanoparticles [35] [36] [37] , and with a component at higher wavenumbers, indicating that gold nanoparticles with larger size are present. These spectroscopic features point out that in this case the gold phase is more heterogeneous that in the other samples. Therefore, the spectroscopic results indicate that gold nanoparticles that give rise to similar plasmonic band are more active and, with the exception of the AuTi catalyst, highly selective, as in the case of AuCe and AuZr. On the contrary, the heterogeneously dispersed gold species present on AuTiWGC lower both conversion and selectivity. Indeed, gold dispersion is a crucial factor controlling conversion, but that selectivity strongly depends on the support surface sites of the catalysts [16] . In particular, the Lewis acidity displayed by the zirconia support [38, 39] is able to get a full transformation of furfural into the corresponding acetal.
Therefore, the very low selectivity of AuTi catalyst might be due to its acidity. The amount of SO 4 2− ions that are present in the final catalysts has been further checked by ion chromatography. In spite of a long washing procedure, in the case of the sample supported on titania the amount of sulphate ions is remarkable (0.59 wt% SO 4 2− ). This feature is ascribable to the acidification with H 2 SO 4 at pH 1 to which the support was submitted before metal introduction in order to load an adequate gold amount [26] . Thus, the presence of such amount of sulphate groups on titania can explain the null selectivity for the AuTi catalyst. This catalyst was then discarded from the subsequent catalytic tests in the furfural oxidative esterification. 
BIOMASS
Effect of the Pressure and of the Nature of the Oxidant
The effect of the oxygen pressure on the furfural esterificative oxidation was investigated in the pressure range between 6 and 1 bar (relative pressure) of oxygen. The results have been compared with a gold catalyst supported on zirconia synthesized by deposition precipitation (AuZrDP). This catalyst was previously investigated and showed high conversion and selectivity [17] . As reported in Fig. 8 (section a) , the effect of the oxygen pressure on the furfural conversion is almost negligible for all the samples and, despite of the oxygen pressure lowering, it is possible to obtain always high conversions.
At the same time, the selectivity is the same (section b). These findings are very encouraging because the experimental process is safe and the oxygen consumption is lowered when working at very low pressures. Furthermore, the low operating pressure would lead to a decrease in costs related to plant design. In such contest, the optimization of the process represents a challenging and appealing task. Therefore, the effect of the nature of the oxidant by replacing oxygen with the more economical air has been investigated.
The selectivity is affected neither by the use of air instead of oxygen, nor even by its pressure, as shown in section b of Fig. 8 . This is reasonable and in agreement with our previous results, since we have demonstrated that the selectivity strongly depends on the surface sites of the catalyst [16] and these do not change with the nature or with the pressure of the oxidant. Unfortunately, the conversion for the AuCe and AuZr samples is lowered when performing the reaction by using air as oxidant. In particular, this negative effect is especially evident in the presence of 1 bar air: in such conditions, the reaction does not almost proceed. However, for both samples synthesized by sol immobilization with PVA, a contained decrease in conversion of about 10% is noted when performing the reaction with 6 bar of air instead of oxygen. The reference AuTiWGC catalyst shows a similar behavior. On the contrary, the performances of the AuZrDP catalyst are completely different: indeed this sample presents the same high values of conversion and selectivity even charging the reactor with 1 bar of air.
The diffuse reflectance UV-Vis spectrum collected on AuZrDP (dark yellow line) is contrasted with the spectrum of AuTiWGC (orange line) and with the Au plasmonic absorption bands observed for the AuCe (green line) and AuZr (red line) in Fig. 9 in the 25,000-7500 cm − 1 interval. Interestingly, the comparison reveals (i) the lowest absorption intensity if compared to the other samples; (ii) the absence of a defined plasmonic band, as well as (iii) a marked blue shift (at about 19,800 cm − 1 ) that justify the presence of very small nanoparticles [35] [36] [37] ; and finally (iv) the shape of the absorption is similar to that observed for the AuTiWGC reference catalyst (orange line), but basing on the previous observations the gold dispersion is higher. This results is also supported by previous extended characterization studies on catalysts prepared by DP with similar composition and gold loading [24, [29] [30] [31] [32] , that account for the presence of highly dispersed gold clusters able to activate molecular oxygen and to produce reactive atomic oxygen atoms. Hence, basing on the spectroscopic results combined with the TEM findings, the catalysts contain different gold species depending on the procedure adopted for the synthesis. In particular, AuCe and AuZr samples contain small gold particles with quite homogeneous size (3.6 ± 0.2 and 4.8 ± 0.1 nm, respectively) as shown by the narrow particle size distributions reported in Fig. 4 . The deposition precipitation method produced gold nanoparticles with heterogeneous dimensions on AuTiWGC, whereas on AuZrDP catalysts the highest gold dispersion is attained, given an intrinsic heterogeneity analogously to the reference catalyst. Basing on the spectroscopic results corroborated by TEM measurements, it is therefore possible to rationalize the catalytic behavior when changing the atmosphere from oxygen to air. The marked decrease in conversion observed in the case of the AuCe and AuZr catalysts is due to the presence of the PVA protecting agent. Indeed, the PVA molecules guarantee the uniform gold dispersion on the supports on one hand, but also hinder somehow the Au active sites on the other hand. Therefore, the diluted oxygen molecules can be more efficiently impeded by PVA when air is employed, resulting in a drop in the conversion.
Our results are in good agreement with the data reported in a previous study by Thiripuranthagan and co-workers [9] , who investigated the effect of oxidants (tert-butyl hydroperoxide, air and oxygen) on the oxidative esterification of furfural. They showed that both conversion and selectivity decreased by decreasing the pressure of air and oxygen and that air at ambient conditions does not convert furfural. The reaction carried out in the presence of oxygen shows higher conversion and higher selectivity than in air atmosphere. Their catalyst was prepared by impregnation of Au on CMK-3, a support prepared using nanocasting method with SBA-15 as hard template and sucrose as carbon source. In this case, the size of the gold nanoparticles was in the range 1-4 nm, with a distribution centered at 2.5 nm.
Interestingly, the effect of the diluted oxidant atmosphere is less evident for the AuTiWGC reference, where no protecting agent is present, and is nihil in the case of the AuZrDP sample, in which the highly dispersed gold clusters do not suffer of any oxygen dilution, due to the intrinsic high surface area of the active phase, to the pronounced reactivity toward oxygen [29] [30] [31] [32] and to the absence of the protecting agent, as proposed in Scheme 2.
Conclusions
Au-based catalysts were prepared by sol immobilization with PVA and the effect of the nature of the support was investigated by a comparison among zirconia, ceria and titania. A commercial gold supported on titania catalyst provided by the World Gold Council (AuTiWGC) was used as a reference and to unravel the influence of the preparation method on the catalytic activity and selectivity, a gold supported on zirconia catalyst prepared by deposition precipitation (AuZrDP) was also studied.
The gold catalysts were then tested in the oxidative esterification of furfural by an efficient and sustainable process. Both AuZr and AuCe samples have shown complete conversion and selectivity under our reaction conditions. The catalytic performances are better than those obtained with the commercial AuTiWGC and the capability to attain complete furfural conversion by these large gold nanoparticles exposing unreactive terrace sites can be related to the presence of the protecting agent. Moreover, the spectroscopic results indicate that gold nanoparticles that give rise to similar plasmonic band, as in the case of AuCe and AuZr, are very active and highly selective. The extent of crystallinity of the gold particles seems to have no influence on the activity of the sol immobilized catalysts. As regard as the Scheme 2 Oxygen activation by gold clusters and sol immobilized nanoparticles depending on the reaction atmosphere AuTi catalyst, the presence of residual sulphate groups on the support explains its null selectivity.
On the contrary, the heterogeneously dispersed gold species present on AuTiWGC lower both conversion and selectivity.
The effect of the oxygen pressure on the furfural conversion is almost negligible for all the samples and, despite of the oxygen pressure lowering, it is possible to obtain always high conversions and selectivities.
The selectivity of the process is unaffected by using air instead of oxygen, even at very low pressures. On the contrary, the presence of PVA seems to influence the conversion when working in air at low pressures, due to a dilution effect of the oxidant atmosphere. This is confirmed by the results obtained for the AuZrDP catalyst, where the high metal dispersion and the absence of the protecting agent allowed to reach high conversion even in low air pressure.
